Theory on plant succession predicts a temporal increase in the complexity of spatial 32 community structure and of competitive interactions: initially random occurrences of early 33 colonising species shift towards spatially and competitively structured plant associations in 34 late successional stages. Here we use long-term data on early plant succession in a German 35 post mining area to disentangle the importance of random colonisation, habitat filtering, and 36 competition on the temporal and spatial development of plant community structure. We used 37 species co-occurrence analysis and a recently developed method for assessing competitive 38 strength and hierarchies (transitive versus intransitive competitive orders) in multispecies 39 communities. We found that species turnover decreased through time within interaction 40 neighbourhoods, but increased through time outside interaction neighbourhoods. Successional 41 change did not lead to modular community structure. After accounting for species richness 42 effects, the strength of competitive interactions and the proportion of transitive competitive 43 hierarchies increased through time. Although effects of habitat filtering were weak, random 44 colonization and subsequent competitive interactions had strong effects on community 45 structure. Because competitive strength and transitivity were poorly correlated with soil 46 characteristics, there was little evidence for context dependent competitive strength associated 47 with intransitive competitive hierarchies. 48
Introduction 55
Temporal change in community structure is driven by three major processes: 1) filtering 56 of species triggered by abiotic habitat and niche characteristics (Keddy 1992 sites and do not generate species spatial segregation as predicted by competition-based 83 assembly rules models (Diamond 1975 ). On the other hand, at a variety of spatial scales, 84 replicated assemblages usually exhibit evidence for non-random species segregation, with 85 some pairs of species co-occurring less often than expected by chance, even if they do not 86 form perfect checkerboards (Ulrich and Gotelli 2010 , Zaplata et al. 2013 . 87 6 30 cm of the substrate exactly at the grid immediately after completion of construction, before 156 the vegetation became established. Soil properties such as pH, texture, and carbonate content 157 have been previously shown to be important drivers of plant community assembly in this 158 study area (Zaplata et al. 2013 , Ulrich et al. 2014c ). Thus, we related these soil properties 159 to our metrics of community structure. To assess the variability in species richness among 160 plots and sets, we used the index of Lloyd ( = For each plot, set, and cell we compared the predicted and observed species abundances by 213 rank order correlation (r C ) and chose the best-fitting competition matrix to assess the 214 maximum impact of competitive interactions on community assembly (Soliveres et al. 2015) . 215
High values of r C point therefore to a good match of the competitive strength matrix with the 216 observed matrix of species abundances and therefore to a higher importance of interspecific 217 competition as driver of species abundance distributions, whereas low r C values imply a minor 218 importance of competition for community assembly (Ulrich et al. 2014b ). Importantly, as the 219 predicted abundance distributions are derived from the observed ones, high r C scores do not 220 exclude the possibility than factors other than competition influence observed abundances. 221 8 predict observed abundances and that competition plays at most a minor role in community 223 assembly. Further, we calculated the metric 224 in which the dependent variable Y was the effect size of WCS, NODF, or R 2 . We applied this 254 regression model to each study year to get information on how the relationship between τ C9 and Y changed during succession while accounting for species richness and substrate 256 characteristics. Finally, we used Mantel correlations applied to the set level to assess whether 257 spatial variability in competitive strength (r C , τ C ) and co-occurrence (WCS, NODF, R 2 ) 258 metrics was dependent on the spatial distances and the variability in substrate variables 259 (carbonate, pH, sand). General and generalised linear models were calculated using Statistica 260 (Statsoft, Tulsa, USA), whereas co-occurrence analyses were performed with the Turnover 261 and NODF software applications, freely available at www.ulrichw.umk.pl. The increase in species richness through time was accompanied by a constant change in 271 the pattern of species co-occurrences (Fig. 2) . Across time, species spatial turnover decreased 272 ( Fig. 2A) within the sets, but increased among them (Fig. 2B ). Since 2008, turnover at the set 273 level was, on average, less than expected from the null assumption (bootstrapped t-tests: P < 274 0.001, Fig. 2A ). Turnover was always lower than expected by the null model when calculated 275 among the sets (Fig. 2B ). This comparably low turnover was accompanied by increasing 276 nestedness within and between the sets (positive effect sizes, Figs. 3C, D), although there was 277 no significant temporal trend in NODF. The WCS metric that quantifies spatial segregation 278 with respect to species abundances did not change significantly through time at the set level 279 (Fig. 2 E) but increased above this level (Fig. 2F) . Within the sets, variability of all three 280 metrics decreased in time ( Fig. 2A, C, E) . 281
The GLM approach confirmed these spatial and temporal trends in the patterns of species 282 co-occurrences (Tab. 1): time accounted for 22.8% to 46.4% and spatial scale for 0.1 to 283
18.7% of variance in species co-occurrences. The significant year × scale interaction terms for 284 R 2 and NODF indicate that temporal patterns in species co-occurrences were spatial-and 285 temporal-scale specific. Post-hoc comparisons identified particularly strong differences in R The r C metric decreased with increasing species richness and was independent of 291 substrate attributes (Tab. 2). Age and spatial scale together explained as much as 64% of the 292 variance in r C . At the set level, the importance of interspecific competition for the assembly of 293 the studied communities was r C = 0.56 ± 0.16 (mean ± standard deviation), meaning that 56% 294 of the variance in observed abundances could be explained by competition only, and did not 295 increase during succession (Fig. 2 G) . At the 25-m 2 cell resolution, r C significantly increased 296 during succession (mean r c = 0.83 ± 0.17; Fig. 2H) . 297
The proportion of transitive competitive hierarchies increased during succession (Fig. 2I,  298 J) although this was statistically not significant at the 1-m 2 plot and 25-m 2 cell levels ( In later years, however, it became increasingly weak and statistically non-significant (all r < |-305 0.14|, P > 0.1). 306
After statistically controlling for possible influences of species richness, spatial 307 autocorrelation, and substrate characteristics, NODF and WCS, and to a lesser degree R 2 , 308
were strongly linked to τ C (Tab. 2, Fig. 3 ). The degree of competitive transitivity τ C was 309
negatively correlated with spatial abundance segregation and species turnover, but positively 310 correlated with NODF (Fig. 3) . 311
312
The spatial dimension of community structure during succession 313 Effect sizes of NODF and R 2 with respect to the proportional null model were 314 significantly spatially autocorrelated (Tab. 1). Mantel tests (Fig. 4A) confirmed these results 315 and returned for the majority of study years positive -although weak (<2% of variance 316 explained) -spatial correlations. In contrast, abundance based patterns of co-occurrences 317 measured by WCS were not clearly spatially autocorrelated (Fig. 4A) . There was also a 318 general trend towards positive correlations between differences in substrate characteristics 319 and the respective differences in species co-occurrences (R 2 , NODF; Fig. 4B ). These results 320
suggest that variability in substrate characteristics (Fig. 4B) , rather than the average values 321 (Tab. 1), have most influence on patterns of species co-occurrences. These trends were 322 strongest for the first study year. The competitive strength metrics were not spatially 323 substrate conditions (Fig. 4B) . 325 Some theories of plant succession predict species richness to increase until a mid-329 successional maximum is reached (e.g. Horn 1974). In our study system, such a maximum 330 was not visible after seven years of succession (Ulrich et al. Surprisingly and again contrary to our first prediction, the initial species segregation at 346 the set level was followed by a trend towards random co-occurrences in comparison to the 347 null model (Fig. 2) . Apparently, the arrival of new species mediated the initial spatial pattern, 348 resulting in a random distribution of species. Only at the largest, whole-catchment scale did 349 co-occurrences became increasingly segregated ( Although NODF and R 2 -but not the abundance based WCS metric -were spatially 373 autocorrelated and related to substrate properties (Fig. 4) , these effects explained in nearly all 374 cases less than 1% of variance. Of the substrate variables, only carbonate content was weakly 375 positively linked to the degree of spatial aggregation (Fig. 4B) . Although this finding is in line 376 with filtering effects at the habitat patch scale (as reviewed by Götzenberger et al. 2011), we 377 notice that the observed effects in these previous studies and in our study system were usually 378 small (Tab. 1, Fig. 4) . Moreover, substrate conditions were not clearly linked to differences in 379 species relative abundances (Tab. 1, Fig.1 In a previous study (Ulrich et al. 2014c ) we reported that small-scale variability in 386 phylogenetic community composition was correlated with substrate characteristics. Because 387 differences in phylogenetic community structure might be linked to species composition 388 (Webb et al. 2002) , we expected to see a correlation between substrate characteristics and 389 species co-occurrences (Bennett et al. 2013) . In this study, small-scale substrate variability 390
was not closely related to species composition. Habitat filtering implies small-scale13 aggregation of species co-occurrences and a significant degree of species turnover at larger 392 spatial scales (Presley et al. 2010 ). This is equivalent to a modular meta-community 393 organisation (Presley et al. 2010 , Borthagary et al. 2014 ). Species co-occurrences were indeed 394 scale dependent (Fig. 2) . Significant nestedness was accompanied by a lack of species 395 segregation at the set scale (Fig. 2) . However, this finding and the low degree of species 396 turnover at the 4-m 2 set and 25-m 2 cell scales do not match a pattern of modular meta-397 community organisation, and suggests that the measured substrate variables do not act as 398 strong environmental filters. 399
We also did not find support for our third prediction of decreasing nestedness and 400 increasing modularity driven by substrate characteristics. Instead, the Poisson random 401 variability in species richness observed at all spatial-scales suggests that random species 402 colonisation was more important than habitat filtering. One possible explanation for this 403 pattern invokes the temporal increase in soil heterogeneity due to ecological engineering by 404 plants (Cuddington and Hastings 2004) . This would reduce the impact of filtering on species 405 composition leading to medium scale randomisation of species composition in time and to an 406 increased importance of competition at the plot level. observation is most parsimoniously explained by the fact that competition acts at the scale of 432 individual interactions between plants and thus should be strongest at the smallest spatial 433 resolution (i.e., the interaction neighbourhood scale). This interpretation is also in line with 434 our finding that the variability in competitive strength and in metrics of co-occurrences were 435 strongest in the initial phases of succession and decreased through time (Fig. 2) . Probably the 436 interplay of competition, facilitation and filtering causes communities at small scales to 437 become more similar in time and hence converge. These processes do not exclude divergence 438 in community composition among these small scale communities as indicated by the 439 pronounced increase in spatial segregation and competitive strength among the cells (Fig. 2) . abundance hierarchies are predicted to differ from site to site leading to segregated patterns of 454 abundances and species co-occurrences. This effect is expected to increase with spatial scale 455 (Fig. 2 ) and thus the model predicts a positive correlation of the degree of species segregation 456 with spatial and/or environmental distance. Our finding of the spatial autocorrelation of R 2 457 (Fig. 4) 
